In this study, impurity effects on diffusive-convection flow fields by physical vapor transport under terrestrial and microgravity conditions were numerically analyzed for the mixture of Hg2Cl2-I2 system. The numerical analysis provides the essence of diffusive-convection flow as well as heat and mass transfer in the vapor phase during the physical vapor transport through velocity vector flow fields, streamlines, temperature, and concentration profiles. The total molar fluxes at the crystal regions were found to be much more sensitive to both the gravitational acceleration and the partial pressure of component I2 as an impurity. Our results showed that the solutal effect tended to stabilize the diffusive-convection flow with increasing the partial pressure of component I2. Under microgravity conditions below 10 -3 g0, the flow fields showed a one-dimensional parabolic flow structure indicating a diffusion-dominant mode. In other words, at the gravitational levels less than 10 -3 g0, the effects of convection would be negligible.
Introduction
Over the past 45 years since the results of the Apollo space flights, many researches on the role of gravity as a major parameter in materi-als science and engineering, crystal growth have been extensively carried out in the United States, Russia, Germany, and Japan etc. In particular, through the International Space Station (ISS), various experiments have been carried out based on the American Skylab or Spacelab missions, the German D1 and D2 missions, the Russian Mir station of Foton flights, the European Eureca mission, or the German and the Japanese sounding rocket programs [1] . Fontana et al. [2] had investigated crystal growth of sodium chloride in both terrestrial and microgravity environments on the ISS. Single crystal growth diffraction shows no change in crystalline structure and cell parameters of NaCl in crystals grown under the microgravity condition of 10 -6 g0, where g0 denotes the Earth's gravitational acceleration of 981 cm s -2 . In 2014, Japanese researchers of Nobeoka et al. [3] have reported the numerical simulations of InGaSb crystal growth crystal growth by temperature gradient method on board at the ISS to get a complete understanding for the transport phenomena occurring in the melt system, i.e., in the microgravity fields. Kinoshita et al. [4] have grown a silicon germanium alloy crystal Si0.5Ge0.5 with 10 mm in diameter by traveling liquidus-zone method in microgravity. Abe et al. [5] have studied the numerical simulations of SiGe crystal growth by traveling liquidus-zone method under the microgravity environments. In recent years, many studies on numerical simulations have been carried out under microgravity conditions in various countries [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . In particular, Konishi and Mudawar [19] reported reviews of flow boiling and critical heat flus in microgravity. Carotenuto [20] addressed reviews and relevant results on crystal growth from the vapour phase under microgravity environments, which would be contributed to future microgravity research on board the International Space Station. Yeckel and Derby [21] had investigated the g-jitter (transient acceleration) with steady magnetic fields in vertical Bridgman crystal growth system whose results were relevant to dynamics of three-dimensional convection in microgravity crystal growth. For transverse jitter at intermediate frequencies, flow oscillations were found to be increased, considering in most cases, application of a magnetic field suppresses flow oscillations. Zeng et al. [22] . Maekawa et al. [23] studied the possibility of growing a uniform binary compound crystal in space for InAs-GaAs binary semiconductor by the Bridgman and zone methods. The solution-crystal interface was found to be deformed by buoyancy driven convection in the case of the Bridgman method even in the gravitational acceleration of 10 -6 g0 which is supposed to be the gravity level in the International Space Station. Liu et al. [24] carried out simulation of directional solidification or refined Al-7 wt% Si Alloys with comparison with benchmark microgravity experiments.
In general, the crystal growth method by physical vapor transport (PVT) is referred to as a mechanism of sublimation-condensation. The source component-bearing species are vaporized from the source material and recrystallized on a seed crystal, in closed silica glass ampoules in temperature gradient imposed between the source material and the growing crystal. With regard to studies on the PVT in the vapor phase, recently Tebbe et al. [25] extended for transition to chaos flow fields in specialty materials of mercurous chloride in applications of microgravity experiments. They have addressed the underlying phenomena in the PVT processes on the relative importance and influencing parameters of diffusion-advection, thermal and/or solutal convection on mass transport. It is reported that Hg2Cl2 single crystals have applications for acousto-optic and opto-electronic devices such as Bragg cells, X-ray detectors operating at ambient temperatures [26] . In study we employ a material of Hg2Cl2 as a model sample and investigate numerically the influence of gravitational accelerations on diffusive convection during the PVT of a mixture of Hg2Cl2 vapor and impurity of I2. The distinction of this study in a comparison with our previous study [27] [28] is centered into the effects of gravitational accelerations and the partial pressure of component I2 with high molecular weight through numerical simulations of vector, streamline, temperature and concentration profiles.
Numerical Analysis
A physical model is created with a two-dimensional rectangular enclosure with aspect ratio (transport length L to height H) of 5, as shown in Figure 1 . The source is maintained at a temperature Ts, while the growing crystal is at a temperature Tc, with Ts > Tc. PVT of the transported component A (Hg2Cl2) occurs inevitably, due to presence of impurity, i.e., a component B (I2). The transport of fluid within a rectangular PVT crystal growth reactor is governed by a system of elliptic, coupled conservation equations for mass (continuity), momentum, energy and species (diffusion), Eq. (1) with appropriate boundary conditions, Eqs. (2)-(4), which can be found in Refs. [27] [28] [29] . The density of the vapor mixture of component A (Hg2Cl2) and B (I2) is assumed constant except the buoyancy body force term, which would be a function of both temperature and concentration.
(1)
On the walls (0 < x * < L/H, y * = 0 and 1) :
On the source (x * = 0, 0 < y * < 1) : On the crystal (x * = L/H, 0 < y * < 1) :
Results and Discussion
The purpose of this research is to perform the numerical analysis of the influence of impurity and gravitational levels on diffusive-convection flow fields by the PVT of Hg2Cl2 with impurity of I2, from a point of view of the total mass flux and interfacial distributions. Because the molecular weight of an impurity (I2) is not equal to that of the crystal component (Hg2Cl2) during the physical vapor transport, both thermal and/or solutal convection always occur and also become much important in mass transport. In this study, a linear temperature profile at the walls is chosen. Detailed data such as typical process parameters and physical properties for the operating conditions could be found in Refs. [27] [28] [29] . g0 by a factor of 1.6. It should be noted that the flow fields under terrestrial conditions include both the convection and diffusion, but the convection is predominant over the diffusion. Figure 3 shows the effects of gravitational levels on |U|max for various gravitational accelerations, 10 g0, respectively. In Figure 5 , a relative velocity vector with a magnitude of 100 has 1.4 cm and the maximum velocity vector is 0.35 cm s -1 , whereas in Figure 6 , a relative velocity vector with a magnitude of 100 has 1 cm and the maximum velocity vector is 0.033 cm s g0 of microgravity show that both temperature and concentration gradients become uniform near the crystal region, which is an ideal growth condition for the high quality of crystal. For the simulations shown in Figures 5 and  6 , we choose a field strength of PB = 100 Torr for the cases considered here.
As shown in Figure 5 (a), the magnitudes of velocity vector near the crystal region are shown to be greater than those near the source interface. The magnitudes of velocity vector in the lower half region are nearly same those in the upper half region along the centerline, dimensional y = 1 cm, which indicates a strong convective structure under operating conditions of △T = 60 K (623. . The temperature profile along the centerline of dimensional y = 1 cm exhibits a cosine wave curve, indicating a uniform imposed temperature profile on ampoule walls. As shown in Figure 5(d) , with regards to concentration profile, the concentrations in front of the source interface are relatively uniform, and significantly varied near the crystal interface. As shown in Figure 6 , all fields (6(a)-6(d)) are symmetrical about the centerline axis of y = 1 cm and exhibit a one-dimensional flow structure, diffusion-dominant in comparison with the One of the practical methods for controlling the crystal growth rate is to increase the partial pressure of the component B as an impurity. Thus, we investigate the influences of the impurity on diffusive-convection flow fields by physical vapor transport. Figure 9 shows the interfacial distributions of the total molar flux for five partial pressures of component B, PB to study non-uniformities against the center of y = 1 cm. The convection enhances the overall mass transport of component A (Hg2Cl2), and, then results in an increase in its total molar flux, but pays for the expense of uniformity in the total molar flux, with the specific interfacial distribution revealing dominance of diffusive convection. This result is consistent with earlier results [30] [31] . The total molar fluxes for all cases under consideration, as shown in Figure 9 , imply the occurrence of one cell in front of the crystal region, and the results for PB = 100 Torr, and 1g0 are found to be confirmed, as shown in Figure 3 . All profiles of the total molar flux against dimensional interfacial position are asymmetric against the center position of y = 1 cm. Moreover, the maximum value of the total molar flux for all cases occurs between y = 0 cm and y = 0.5 cm, the maximum value of the total molar flux for the case of PB = 10 Torr is about twice that for PB = 100 Torr. It should be noted that fluid is assumed to cling to solid surfaces, i.e., walls with which it is in contact. In other words, the velocities of the mixture of vapor A and B at walls, i.e., y = 0 cm and 2 cm, are assumed to be zero. As shown in Figures 7 through 9 , our results have indicated that by increasing the partial pressure of component B, the solutal effect is found to have the stabilizing effect of diffusive-convection flow and, thus, the maximum total molar flux near at y = 0.5 cm is decreased. 
Conclusions
For the study of the influences of impurity on diffusive-convection flow fields by physical vapor transport of Hg2Cl2 under terrestrial and microgravity conditions, we carried out numerical simulations. It is concluded that the diffusive convection flow fields, total molar flux at the crystal regions are much sensitive to the gravitational accelerations, partial pressure of component of B. Under microgravity conditions below 10 -3 g0, the flow fields are found to be a one-dimensional parabolic flow structure which implies a diffusion-dominant mode. For the convection region of 10 -1 g0 ≤ g ≤ 1g0, one cell in the vapor phase occurs for all cases under consideration of the total molar fluxes for 10 ≤ PB(Torr) ≤ 400. Also, at the gravitational level of 10 -3 g0, the effect of convection is likely to be negligible.
